PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 
G02B 6/34 



Al 



(11) International Publication Number: WO 00/29888 

(43) International Publication Date: 25 May 2000 (25.05.00) 



(21) International Application Number: PCT/US99/26842 

(22) International Filing Date: 12 November 1999 (12.1 1.99) 



(30) Priority Data: 

09/193,289 



17 November 1998 (17.1 1.98) US 



(71) Applicant (for all designated States except US): BAYSPEC, 

INC. [US/US]; 101 Hammond Avenue, Fremont, CA 94539 
(US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): WANG, Wei [US/US]; 
2140 Spring Water Drive. Fremont, CA 94539 (US). 
ZHANG, Shu [CA/CA]; 306-157 University Avenue West, 
Waterloo, Ontario N2L 369 (CA). 

(74) Agents: HAMRICK, Claude, A., S. et al.; Oppenheimer Wolff 
& Donnelly LLP, Suite 200, 3373 Hillview Avenue, Palo 
Alto, CA 94304 (US). 



(81) Designated States: AU, CA, CN, IL, JP, US, European patent 
(AT, BE, CH, CY, DE, DK, ES, FI t FR, GB, GR, IE, IT, 
LU, MC, NL, PT, SE). 



Published 

With international search report 



(54) Titie: COMPACT DOUBLE-PASS WAVELENGTH MULTIPLEXER-DEMULTIPLEXER 




(57) Abstract 

An optical multiplexing and demultiplexing device including a fiber mounting assembly (1 1) for aligning optical fibers (10), a set of 
collimating and focusing optics (17), a transmission grating element (9), and a mirror element (20). The fiber mounting assembly alignment 
element aligns a series substantially close-spaced optical fibers (10) with their ends flush and assembled in a substantially straight line. The 
mirror element (20) having a high reflectance coating for the wavelengths of interest, is arranged at such an angle that the optical radiation 
will be reflected back to the grating. It will then be diffracted again by the grating focused to the optical fibers. 



BNSOOCtD: <WO 0029888A1J_> 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


AM 


Armenia 


FI 


Finland 


AT 


Austria 


FR 


France 


AU 


Australia 


GA 


Gabon 


AZ 


Azerbaijan 


GB 


United Kingdom 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


BB 


Barbados 


GH 


Ghana 


BE 


Belgium 


GN 


Guinea 


BF 


Burkina Faso 


GR 


Greece 


BG 


Bulgaria 


HU 


Hungary 


BJ 


Benin 


IE 


Ireland 


BR 


Brazil 


IL 


Israel 


BY 


Belarus 


IS 


Iceland 


CA 


Canada 


nr 


Italy 


CF 


Central African Republic 


JP 


Japan 


CG 


Congo 


KE 


Kenya 


CH 


Switzerland 


KG 


Kyrgyzstan 


CI 


Cote d'lvoire 


KP 


Democratic People's 


CM 


Cameroon 




Republic of Korea 


CN 


China 


KR 


Republic of Korea 


cu 


Cuba 


KZ 


Kazakstan 


cz 


Czech Republic 


LC 


Saint Lucia 


DE 


Germany 


LI 


Liechtenstein 


DK 


Denmark 


LK 


Sri Lanka 


EE 


Estonia 


LR 


Liberia 



LS 


Lesotho 


SI 


Slovenia - 


LT 


Lithuania 


SK 


Slovakia — 


LU 


Luxembourg 


SN 


Senegal 


LV 


Latvia 


sz 


Swaziland 


MC 


Monaco 


TD 


Chad 


MD 


Republic of Moldova 


TG 


Togo 


MG 


Madagascar 


TJ 


Tajikistan 


MK 


The former Yugoslav 


TM 


Turkmenistan 




Republic of Macedonia 


TR 


Turkey 


ML 


Mali 


TT 


Trinidad and Tobago 


MN 


Mongolia 


UA 


Ukraine 


MR 


Mauritania 


UG 


Uganda 


MW 


Malawi 


US 


United States of America 


MX 


Mexico 


UZ 


Uzbekistan 


NE 


Niger 


VN 


Viet Nam 


NL 


Netherlands 


YU 


Yugoslavia 


NO 


Norway 


zw 


Zimbabwe 


NZ 


New Zealand 






PL 


Poland 






PT 


Portugal 






RO 


Romania 






RU 


Russian Federation 






SD 


Sudan 






SE 


Sweden 






SG 


Singapore 







BNSOOCID: <WO 0029888A1 I > 



WO 00/29888 



Specification 



PCT/US99/26842 



COMPACT DOUBLE-PASS WAVELENGTH 
MULTIPLEXER-DEMULTIPLEXER 

5 

Field of the Invention 

This invention generally relates to method and apparatus for optical multiplexers- 
demultiplexers and, in particular, to high resolution, wavelength selective optical 
multiplexers-demultiplexers for transmission of information. 

10 

BACKGROUND OF THE INVENTION 
The explosive growth of telecommunication and computer communications, 
especially in the area of internet, has placed increasing demand on national and international 
communication networks. This tremendous amount of worldwide data traffic volume creates 

1 5 a demand for a network having multi-gigabit transmission capacity with highly efficient 

cross-connect networks. To meet this demand, in the field of fiber optic technology, products 
have been developed for multi-carrier transmission over a single fiber, which multiplies the 
amount of capacity over single carrier systems. By assembling several data signals into a 
multi-channel signal transmitting on a single fiber, commonly referred to as wavelength 

20 division-multiplexing ("WDM"), this WDM technology allows multiple users to share a fiber 
optic link and thereby allowing high throughput over a single link. To assemble the signals, a 
multiplexing device combines the signals from several sources or channels into a single 
composite signal. At the receiving end, a demultiplexing device separates the composite 
wavelength into the several original signals. 

25 There are many specialized applications and variations of the WDM technology. In 

one variation, dense wavelength division multiplexing ("DWDM") is a WDM device that 
works for a certain wavelength range and has the ability to handle large number of channels. 
Some of the critical factors for a DWDM device are high number channels, channel 
separation, channel spacing, inter-channel cross talk, insertion loss, polarization dependent 

30 loss, compactness, environmental stability, and manufacturing cost. To date, wavelength 
division-multiplexing systems have been unreliable in meeting the aforementioned critical 
factors, i.e. complete channel separation, low insertion loss, polarization insensitive, etc. 

-1- 
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Additionally, device size and cost remain high and economically challenging. As a result, 
there is a need for compact, light weight, low cost devices which can be used as a dense 
wavelength division multiplexer and demultiplexer compatible with today's fiber optic 
networks. 

5 There are prior art technologies for making WDM using holographic elements to 

produce multiplexers and demultiplexers. Despite the fact that prior art technologies provide 
WDM with highly efficient holographic elements, those devices cannot satisfy the 
aforementioned critical factors, such as high channel numbers, low cross talk, controlled 
channel separation and channel spacing. One of the main reasons for the drawbacks in prior 
10 art technologies is that, in some cases, there are no optic elements in those devices. Thus it is 
difficult, if it is not impossible, to correct optical aberrations, such as spherical aberrations, 
coma, astigmatism, etc. Furthermore, the number of channels provided by these devices are 
limited because these devices do not provide proper focusing and collimating optics. Rather, 
they are based on a grating and the arrangement of relative optical fibers with respect to the 
15 grating. Also, it is also difficult to reduce cross-talk between adjacent channels due to optical 
aberrations, which generates beam spots larger than the desirable fiber size, resulting in 
optical power crossing to other channels in narrow channel spacing situations. For these 
reasons, these devices are not able to achieve high optical resolution and narrow channel 
spacing that is critical for DWDM systems. 
20 In another prior art technology, a compact WDM device is provided with spherical 

grating substrate as a reflective focusing grating. This technology corrects some of the major 
drawbacks associated with devices without optics. Despite of the fact that the device may 
provide high spectral resolution, which in turn produce narrow channel spacing, it is apt an 
ideal device. First, the grating is a reflective grating based on surface relief holograms with 
25 low diffraction efficiency and thus high insertion loss. Secondly, the grating described in said 
prior art technology is polarization sensitive, generating intensity variations in the transmitted 
signals from polarization effects. 

Prior art devices having optical elements that are adhered to each other also have high 
inter-channel cross-talk problems. This is especially the case when glass elements of 
30 different refractive indices are used to compensate optical aberrations and the insertion loss 
from Fresnel (reflection) loss is high. Furthermore, the lost light will be reflected back to the 
wavelength disperse components either directly or indirectly by the optical element(s) and air. 
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The reflected beam is dispersed by the wavelength disperse components and may be focused, 
eventually, back to the various components in the system to a position that is different than 
the expected position. This will result in rather high level of the inter-channel cross-talk. 
Interestingly, the same drawbacks are also acknowledged in one of the prior art references, 
5 U.S. Patent No. 4,819,224. The required difference in refractive indices to correct the 
spherical aberration is rather large, causing the chromatic aberration to be rather large and 
ineffective for industrial applications. Therefore, this type of device cannot satisfy the need 
for dense wavelength division applications. 

Prior art devices are difficult to manufacture. First, some prior art devices involve so- 
10 called "locally neutralized" zone that is created on the reflective grating, which is the most 
critical element of the device. One portion of the grating surface must be treated after the 
grating is made in order to allow the light to pass. It is difficult to make such a zone without 
affecting other areas of the grating. Also, this zone causes the grating to lose its integrity and 
lose significant amount of luminous efficiency. Secondly, some prior art devices involve 
15 non-uniform dispersion elements with broad bandwidth, which are not only difficult to 
manufacture but also may scarify some of the diffraction efficiency. Furthermore, broad 
bandwidth is practically useless in long-haul telecommunication applications since the 
erbium-doped self-amplifying optical fibers, which is the enabling technology for 
wavelength-division and multiplexing in optical networks, only have a limited range of gain 
20 spectrum. So broad bandwidth non-uniform grating can only add to manufacturing problems, 
loss efficiency, resolution and channel separation. Thus, it is not beneficial to DWDM 
applications. Thirdly, some prior art devices involve off-axis embodiment, which is difficult 

to align and assemble. 

Further drawback of prior art devices is the relative long optical path passing through 
25 the many elements. In this type of devices, not only the Fresnel reflection is high. Also, the 
mechanical and environmental (thermal, stress, etc.) responses of the grating assembly are not 
monolithic thus not easy to be controlled. They are vulnerable to stress and temperature 
variations, which may cause inter-channel cross-talk and even variations in channel spacing. 
The state-of-the-art wavelength multiplexer/demultiplexer are not suitable for 
30 industrial DWDM applications due to the aforementioned major drawbacks, including: 
manufacturing difficulties, cross-talk, insertion loss, chromatic aberration, luminous 



<WO _0029888A1 J > 



WO00/29888 PCT/US99/26842 
efficiency loss, polarization effects, stress and temperature sensitivities, etc. Therefore, there 
is a need for a DWDM technology to overcome these problems. 

SUMMARY OF THE INVENTION 
It is therefore an object of the present invention to provide methods and apparatus for 
DWDM multiplexer-demultiplexer devices that minimize manufacturing difficulties, cross- 
talk, insertion loss, chromatic aberration, luminous efficiency loss, polarization effects, stress 
and temperature sensitivities, etc. 

It is another object of the present invention to provide methods and apparatus for a 
multiplexer-demultiplexer device for fiber optic communication networks, in particular, a 
DWDM systems with high channel numbers, low insertion loss, narrow channel spacing, low 
inter-channel cross-talk, and low polarization sensitivity. 

It is still another object of the present invention to provide methods and apparatus for 
a DWDM device that is small, lightweight, immune to temperature variation and stress- 
induced instability, and inexpensive to produce. 

It is yet another object of the present invention to provide methods and apparatus for a 
DWDM device that is easy to manufacture in large quantities, using components that are easy 
to produce and assemble. 

Briefly, the preferred embodiments of the present invention includes a fiber mounting 
assembly for aligning the optical fibers, a set of collimating and focusing optics, a 
transmission grating element, and a mirror element. It can be a multiplexing or 
demultiplexing device. 

The fiber mounting assembly aligns a series substantially close-spaced optical fibers 
with their ends flush and assembled in a substantially straight line. The optical fibers are 
either multi-mode or single mode communication fibers capable of transmitting optical 
wavelengths with substantially high transmittance. The operating wavelengths, for example, 
may be in the vicinity of the wavelengths region around 1 540 nm. The number of fibers can 
essentially be any numbers greater than 3. 

Collimating and focusing optics, preferably a lens system that contains one or more 
elements, may be made from optical glasses with uniform refractive indices, optical glasses 
with gradient indices, plastic optical elements, or diffractive lenses. All the elements are 
optimized for the desired communication wavelengths and the surfaces of the elements are 

-4- 
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anti-reflection coated for the desired wavelength regions to reduce surface reflection and thus 
enhance efficiency. 

The transmission grating element can be made from holographic techniques utilizing 
photosensitive media, where the media having sufficient thickness to provide high diffractive 
5 efficiency and wide operation waveband. The photosensitive media must be able to achieve 
high spatial resolution in order to generate high groove density - thus high spectral resolution 
for DWDM applications. The photosensitive media also must be able to transmit the 
wavelengths of interest. The substrate of the transmission grating is also optimized for the 
wavelengths of interest. 

10 The mirror element, having a high reflectance coating for the wavelengths of interest, 

is arranged at such an angle that the optical radiation will be reflected back to the grating, 
where the beam is diffracted again by the grating focused to the optical fibers. 

An object of the present invention is to provide methods and apparatus for DWDM 
multiplexer-demultiplexer devices that minimize manufacturing difficulties, cross-talk, 
15 insertion loss, chromatic aberration, luminous efficiency loss, polarization effects, stress and 
temperature sensitivities, etc. 

Another object of the present invention is to provide methods and apparatus for a 
multiplexer-demultiplexer device for fiber optic communication networks, in particular, a 
DWDM systems with high channel numbers, low insertion loss, narrow channel spacing, low 
20 inter-channel cross-talk, and low polarization sensitivity. 

Still another object of the present invention is to provide methods and apparatus for a 
DWDM device that is small, lightweight, immune to temperature variation and stress-induced 
instability, and inexpensive to produce. \ 

Yet another object of the present invention is to provide methods and apparatus for a 
25 DWDM device that is easy to manufacture in large quantities, using components that are easy 
to produce and assemble. 

The invention of the aforementioned multiplexer/demultiplexer has many applications 
in fiber optic communication networks. Further objects and advantages of the subject 
invention will be apparent from the following detailed description taken in conjunction with 
30 the drawings. 
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DRAWINGS 

Fig. 1 is a diagram showing the major elements of the preferred embodiment and their 
interrelationship. 

Fig. 2 is a diagram showing a prior art fiber assembly. 
5 Fig. 3 is a diagram showing a prior art V-groove fiber assembly. 

Fig. 4 is a diagram showing an example of a prior art V-groove fiber assembly. 

Fig. 5 is a diagram showing an example of a beam path when the subject invention 
operates as a demultiplexer 

Fig. 6 is a diagram showing an alternative embodiment of the subject invention. 
10 Fig. 7 is a diagram showing another alternative embodiment of the subject invention. 

Fig. 8 is a diagram showing yet another alternative embodiment of the subject 
invention. 

Fig. 9 is a diagram showing still another alternative embodiment of the subject 
invention. 

1 5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. i illustrates the preferred embodiment of the basic multiplexer-demultiplexer 
apparatus of the present invention. A series of substantially close-spaced optical fiber array 
10 are arranged in a mounting assembly 1 1 with their ends flush. The optical fibers 10 are 
either multi-mode or single mode communication fibers which are capable of transmitting 

20 optical radiation with substantially high transmittance, preferably in the wavelength ranges 
most suitable for fiber optic networks, meaning wavelength ranges with low loss and high 
amplification. For example, the wavelength range could be, but not limited to, the vicinity of 
1530 ran to 1560 ran band for erbium-doped fiber amplifiers ("EDFAs"). The fibers ID are 
arranged substantially close together thus to achieve narrower channel spacing. 

25 The fiber mounting assembly 1 1 can be made from two precisely polished metal piece 

as illustrated in Fig. 2, or can be made based on the modern fiber optic communication 
industry's standard V-groove 12 technology which is illustrated in Fig. 3. It is worthwhile to 
note that mounting the fibers in such a way has been illustrated in prior art reference, U.S. 
Patent No. 4,622,622. Fig. 4 illustrates another preferred alternative way to arrange the fibers 

30 where one fiber 14 is arranged side by side with an array of fibers 15. 

Referring Fig. 1, the collimating lens system 17 contains one or more elements that 
may be air spaced or adhered together. The use of a two-element lens would minimize 

-6- 
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collimating effect when compared with the use of a one-element lens. Generally speaking, 
when more elements are used for lens 17, collimating effect can be better minimized. Lens 
1 7 is chosen in such a way that it has sufficient numerical aperture to collect the diverging 
optical radiation 16 from the fiber assembly. For example, if typical communication fibers 
5 with numerical aperture of 0.1 1 are used, lens 17 should have a minimum numerical aperture 
of 0. 1 1 in order to collect all the divergent radiation. Lens 1 7 is optimized to minimize the 
optical aberrations such as chromatic and spherical aberrations, etc. The surfaces of the 
lenses should be coated with anti-reflection coating to enhance efficient passage of radiation 
1 6. The back focal point 42 of lens 1 7 should be arranged near the end of the input fiber in 

10 the fiber array 10, in order to achieve collimating for beam 16. After passing the lens 17, the 
beam is substantial collimated and impinges on the grating assembly 9. 

The grating assembly 9 comprises of two parts, the diffractive element 1 8 and the 
substrate 19. The substrate 19 is preferably made with low scattering glass material where all 
the surfaces are preferably coated with anti-reflection coating to enhance the passage of 

15 radiation 16. The transmission diffractive element 18 is made by holographic technique 
utilizing photosensitive media having a sufficient thickness, preferably a volume hologram 
having a high diffractive efficiency and wide waveband operation. The photosensitive media 
are preferably materials that are able to achieve high spatial resolution in order to generate 
high groove density, thus providing high spectral resolution for DWDM applications. 

20 Moreover, the photosensitive media are preferably materials that have low scatter, low optical 
noise and are capable of transmitting the range of wavelengths of interest. One preferred 
example of such photosensitive medium is dichromate gelatin ("DCG"). 

Still referring FIG. 1, the distance 8 (labeled "L") between lens 17 and the fron£ 
surface of substrate 19 is optimized. The distance 8 is preferably sufficiently long to 

25 eliminate the possibility of any back reflections from the front surface of the substrate 19 

back to the fiber array 10 through lens 17. Note that any back reflection should be small due 
to the anti-reflection coating. But distance 8 should not be made sufficiently long either so 
the DWDM device will not be overly large in size. It is important to note that the 
determination of distance 8 is relative easy once the parameters of the collimating lens and 

30 the grating are determined. It can be expressed, in one embodiment, by the following 
formula: 

L2> W*sin a + (D/2) * tan (90 - 2 a)- A, 
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where W is the width of the grating, a is the grating orientation angle, D is the 
effective diameter of the collimating lens, A is a correction related to the center and edge 
thickness of the lens, and L is distance 8. 

Depending on the type photosensitive medium used, the grating assembly 9 may be 
5 made either from a holographic element 18 on a single substrate 19, or preferably from an 
environmentally sealed two pieces of substrate 19 which "sandwich" the holographic element 
18 in between, if DCG is used. If only a single substrate is used, it can be placed either 
before or after the diffractive element. The fabrication of DCG holographic elements have 
been described in many prior art reference, such as: "Dichromate Gelatin for the Fabrication 
1 0 of Holographic Optical Element," prepared by B.J. Chang and CD. Leonard: Applied Optics, 
18, 2407-2417 (1979). The cost of making of the holographic element for the present 
invention is low since the process is basically a photographic process. 

The holographic element 18 is preferably constructed such that it is polarization 
insensitive. For example, a DCG volume hologram greatly reduces device polarization 
15 sensitivity thus greatly reduces signal variations in the transmitted channel. 

To clearly describe the operation of the preferred embodiment when the device 
operates as a demultiplexer, a schematic based on one of the aforementioned fiber array, such 
as array 10, is shown in Fig. 5. An optical beam containing a plurality of wavelengths or 
channels, such as X 1, X 2, X 3 . . is transmitted to the device by one single fiber, such as 
20 fiber 44 (or any other fiber) in array 1 0. The device then will separate all the wavelengths or 
channels, according the wavelengths. The separated beam will be received finally by the 
other fibers in fiber array 10 as indicated in Fig. 5. 

Still referring to Fig. 1 and Fig. 5, the grating assembly 9 is preferably arranged in an 
angular orientation so that the diffraction efficiency and the first order of diffraction is 
25 substantially optimized for the preferred wavelength range. A highly reflective mirror 20 for 
the preferred wavelength is used to reflect the beams dispersed by the grating assembly 9. 
Mirror 20 is coated with highly reflective coating, and is mounted in an angular orientation at 
which the reflected beams by mirror 20 will reverse the beam paths at some preferred angular 
directions according to their wavelengths, such as X 1 , X 2, X 3 . . ., etc. The amount of 
30 separation between the individual beams is small and depends on the separation of 

wavelengths or channel spacing. As shown in Fig. 5, assuming the first fiber in array 10 is 
the input fiber containing the multi-wavelength signal, the beams reflected at these angular 
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directions will be eventually focused into various fibers on the fiber optic array 10 for the 
respectively wavelengths ( X 1, X 2, X 3, ... ). 

Another alternative configuration of the orientation of mirror 20 involves the proper 
tilting the mirror 20 in another dimension by a small angle when a fiber assembly 1 1 similar 
5 to that shown in Fig. 4 is used. The preferred embodiment of the invention uses mirror 20 
that is coated with highly reflection coating for the preferred wavelengths. 

Referring to Fig. 1, the distance 7 between the back surface 46 of the substrate 19 is 
also optimized to a particular distance. This distance 7 (labeled "d") is preferably sufficiently 
long for two reasons. First, it eliminates the possibility of any back reflections from the back 
10 surface of the substrate to return back to the fiber array 10, even though any back reflection 
should be minimal due to the anti-reflection coating. Secondly, it preferably eliminates the 
possibility of any back reflected (0th order) diffracted light from the mirror 20 back to the 
fiber array 10 (which pass through the grating following substantially the same path as that of 
the input beam). This distance 7 should preferably be sufficiently short so that the DWDM 
15 device will not be overly large in size. The determination of this distance 7 is relative easy 
once the parameters of the lens and grating are determined. For the preferred embodiment, it 
can be expressed by the following formula: 

d > 0.5 * { (D + M)/tan(2a) + Dtan a } 

where M is the width of the mirror, a is the grating orientation angle, D is the 
20 effective diameter of the collimating lens, and d is distance 7. 

Referring to the optical system in Fig. 1, the beams are dispersed by the holographic 
element 18 twice. It is worth to note that the preferred embodiment uses a fiber assembly 1 1 
to arrange the fiber array 1 0 in a certain spatial spacing that relates to the total linear ^ 
dispersion (dlf/dX ) of the holographic element. The total linear dispersion also relates to the 
25 focal length of lens 17 in conjunction with the total angular dispersion of the holographic 
element 18. The relationship can be described by the following formulas: 

linear dispersion « dlf/dX = SS/ A X , 

angular dispersion = l/f e * dlj/dX , 

where SS is the spatial spacing between the centers of two fibers in fiber array 10; 
30 A A is the wavelength spacing or channel spacing; f e is the effective focal length of lens 17. 
For example, if fibers are arranged 125 microns apart, to achieve 0.8 nm channel spacing, a 
holographic element with a total linear dispersion of 0.1563 mm/nm should be designed. 

-9- 
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Based on a chosen focal length, the total angular dispersion can be calculated so the grating 
can be designed. 

The total numbers of fibers in array 10 is related to the channel spacing and total 
bandwidth transmitted through the device. It can be expressed as: 



where n is the total number of channels, BW is total bandwidth transmitted through 
the device; and A A is the wavelength spacing or channel spacing. For example, if a 
bandwidth of 32 nm is designed to be transmitted through the device, with a 0.4 nm channel 
spacing, 80 channels are needed. Therefore, 81 fibers should be arranged in the fiber array 



Noted that, again referring to Fig. 1 , since the beams pass through the holographic element 1 8 
twice and dispersed by it twice, the total dispersion of the device of the preferred embodiment 
is approximately doubled that of the single pass. With the preferred embodiment, it is easy to 
produce multiplexer/demultiplexer of high spectral resolution thus high channel numbers 

15 with narrow channel spacing. Therefore, a dense multiplexer-demultiplexer device can be 
readily achieved with this double pass dispersion method. 

Describing the beam path after the second pass of the grating, still referring to Fig. 1 
and Fig. 5, the diffracted beams of different wavelengths ( A 1, A 2, A 3, . . . ) or channels are 
focused by lens 17 into various fibers on the fiber optic array 10 by their respective 

20 wavelengths. 

The whole optical system described in Fig. 1 is highly efficient due to the highly 
efficient grating assembly and minimal Fresnel loss at all surfaces. Therefore the insertion 
loss for a DWDM device of the preferred embodiment is low. It is possible to achieve lower 
than 1 .0 dB insertion loss based on the preferred embodiment. Also, due to the optimized 

25 spatial separation of elements 17, 9 and 20, a DWDM device of the preferred embodiment has 
minimum stray light, resulting in low inter-channel cross talk. 

Fig. 6 shows an alternative embodiment of the present invention having integrated 
optical parts. It comprises of the aforementioned fiber array 10 arranged in a mounting 
assembly with their ends flush. Again, the optical fibers 10 are either multi-mode or single 

30 mode communication fibers. The grating assembly is preferably integrated with the substrate 
assembly using low scattering glasses of the same refractive index, e.g. substrates 21 and 23 
are made from the same type of optical glasses (such as BK7 optical glass). The holographic 



5 



n = BW/ A A, 



10 



10. 
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element 22 is "sandwiched" between substrates 21 and 23 by refractive index matching 
optical adhesives at the edge regions of the substrates. Moreover, the surfaces of substrate 21 
are polished and preferably coated with anti-reflection coating to enhance efficient passage of 
the radiation. The transmission holographic element 22 has the same characteristics as 
5 element 18 shown in Fig. 1, which is made by holographic technique utilizing photosensitive 
media that having sufficient thickness and preferably a volume DCG hologram. 

Still referring to Fig. 6, the front surface 40 of substrate 23 is polished and preferably 
coated with the same aforementioned anti-reflection coating. Substrates 21 and 23 are 
attached using refractive index matching optical adhesive. Due to the fact that substrates 21 

10 and 23 have the same refractive index, the Fresnel reflection is eliminated. Thus, a DWDM 
device based on the alternative embodiment also has minimum stray light, and thus 
minimizing the inter-channel cross talk. Furthermore, the mechanical and environmental 
(thermal, stress, et al.) responses of the grating assembly are monolithic and therefore easier 
to control than devices made of glasses with different refractive indices. 

15 Surface 28, part of the substrate 23, is polished and coated with highly reflective 

coating, and is cut and polished to an angular orientation at which the beams reflected by 
surface 28 reverses the beam paths at some preferred angular directions in accordance to their 
wavelengths. 

Furthermore, still referring to Fig. 6, other surfaces 5 and 24 of element 23 are 
20 polished and coated with highly absorbing paint for the targeted wavelength ranges in order 
to absorb any stray radiation. Element 23 is preferably cut with specific comer angles 
indicated at 25, 26 and 27. These angles are cut in such a way that the possibility of any 
internal multi-reflections from the side surfaces (24 and 5) returning back to the fiber ^ray 10 
is substantially reduced, again minimizing inter-channel cross talk. The thickness of element 
25 23 and the distance 6 between the lens 17 and the front surface 40 of the substrate 23 are 
preferably determined based on the same aforementioned formula. 

Fig. 7 shows another alternative embodiment of an optical system. Similarly, it 
comprises of aforementioned fiber array 10, which are either multi-mode or single mode 
communication fibers. The grating assembly is otherwise the same as grating assembly 9 
30 shown in Fig. 1 except that substrates 3 1 and 33 are made differently. 

Here, substrates 31 and 33 are made from low scattering glass having a predetermined 
optical power, i.e., instead flat surfaces, either or both surfaces of substrates 31 and 33 are 

-11- 
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made to have radii of curvatures. Or, they can be made from special glasses such as gradient 
index glass, or the both. Moreover, the mirror 34 is again coated with highly reflective 
coating and is made to a spherical (or aspherical) shape for correcting optical aberrations in 
conjunction with the lens configurations. Note that Fig. 7 shows a convex shaped mirror; the 
5 preferred embodiment is not restricted to either concave or convex shapes. The shape of the 
mirror is determined by optimization of the optical components to minimize system optical 
aberrations, which can be readily achieved by using commercially available optical design 
software such as Code V® or Zemax®, etc. 

Note that aspherical optical surfaces was difficult to fabricate. However, recent 

10 developments in optics manufacturing technologies, such as diamond turning techniques, 
have simplified and made routine the fabrications of aspherical mirrors. 
By properly using this alternative embodiment, optical systems having high resolution, thus 
narrower channel spacing, can be easily achieved when compare to prior art technologies 
using index variation for compensating optical aberrations. Therefore, device based on this 

1 5 alternative embodiment can satisfy the need for DWDM applications. 

Fig. 8 shows yet another alternative embodiment. The components are otherwise 
similar to those of Fig. 1 except that an off-axis parabolic mirror 35 is used to replace the 
focusing/collimating lens. The surface of the mirror 35 is preferably parabolic shaped but it 
can be any other suitable shapes that produce the desired collimating/focusing function. For 

20 example, it can be a concave mirror. Parabolic mirror 35 is polished and preferably coated 
with anti-reflection coating to enhance the high reflectance of the aforementioned radiation 
range. Note that this alternative embodiment has the advantage of having less chromatic 
aberration generated from the off-axis parabolic mirror 35 when compare to that of th^ 
focusing lens 17. 

25 Fig. 9 shows still another alternative embodiment similar to the system shown in Fig. 

8 except that the device is machined from a single piece of low thermal expansion material, 
such as low expansion metal, plastic, glass or ceramic materials. The components are part of 
the device body. For example, the body 36 can be machined from a single piece of low 
expansion metal, Invar. As shown in Fig. 9, the collimating and focusing element is 

30 machined as part of the body 36, i.e. surface 37 is machined and polished into an off-axis 
parabolic shape or any other suitable shapes that produce the desired collimating/focusing 
function. For example, it can be a concave mirror. Likewise, surface 38 is also machined as 
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part of the body 36, and polished to a mirror. Surfaces 37 and 38 are coated with highly 
reflective coating in the high reflectance of the aforementioned radiation range. Note that this 
alternative embodiment has the advantage of having the optical components machined on a 
single body, so it not only rugged but also has monolithic response to stress, temperature 
5 variations. Furthermore, alignment of such system is easier. 

In operation, when the embodiments of the present invention operates as a 
demultiplexer, an optical beam containing a plurality of wavelengths to be diverged is 
transmitted to the device by a pre-designated optical fiber. The divergence of the beam 
depends on the numerical aperture of the input fiber whose end is located at the vicinity of the 

10 focal point of the collimating lens which has sufficient numerical aperture to accept the 

diverging beam from the optical fiber. The beam thus is substantially collimated by the lens 
and then impinged on the holographic element. The individual wavelengths within the beam 
are diffracted and angularly separated by the holographic element according to their 
wavelengths. The spatially separated beams will be redirected by the highly reflective mirror 

15 back to the holographic element which makes further spatial separation of the individual 

wavelengths, thus enhance the total dispersion of the grating element. The spatially dispersed 
beams are focused by the aforementioned focusing lens system and received directly by a 
series of optical fibers. 

When the embodiments of the present invention operates as a multiplexer, the 

20 aforementioned beam path is reversed and the beam would be propagating in the reversed 
directions when compared to the demultiplexer mode. The device operates in such a way 
where all the different wavelengths from the series of optical fibers are collected by the lens, 
diffracted by the holographic element with specific angular orientations according to*he 
individual wavelengths. The diffracted beams are then reflected by the mirror, diffracted 

25 again by the holographic element and combined into a series of substantially collimated 

beams regardless of their wavelengths. These beams are essentially one beam that contains 
all the wavelengths and is received by one optical fiber. 

In summary, the present invention has remedied and overcame the drawbacks of prior 
art technologies and provides an improved DVDM method and apparatus. The invention 

30 provides a multiplexer-demultiplexer device for fiber optic communication networks, in 
particular, a DWDM system with low insertion loss, low inter-channel cross-talk, and low 
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polarization sensitivity. The device is small, lightweight, immune to temperature variation 
and stress-induced instability, and inexpensive to produce. 

Although the present invention has been described in terms of specific embodiments it 
is anticipated that alterations and modifications thereof will no doubt become apparent to 
those skilled in the art. It is therefore intended that the following claims be interpreted as 
covering all such alterations and modifications as fall within the true spirit and scope of the 
invention. 

We claim: 
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CLAIMS 

1 . An optical multiplexing and demultiplexing device, comprising: 

a fiber mounting assembly for securing a plurality of optical fibers; 

collimating and focusing lens; 
5 a grating; and 

a mirror for receiving one or more beams coming from a first set of one or more of 
said plurality of optical fibers passing through said lens and said grating, and reflecting said 
beams back through said grating and said lens to a second set of one or more of said plurality 
of optical fibers. 

10 

2. A device as recited in claim 1 wherein said collimating and focusing lens includes at 
least two elements. 

3. A device as recited in claim 1 wherein said grating includes a first substrate and a 
1 5 diffractive element. 

4. A device as recited in claim 3 wherein said grating includes a second substrate 
whereby said diffractive element being placed between said first substrate and said second 
substrate. 

20 

5. A device as recited in claim 3 wherein said diffractive element is made from a 
photosensitive medium. 

6. A device as recited in claim 5 wherein said photosensitive medium is dichromate 
25 gelatin. 

7. A device as recited in claim 3 wherein said substrate is made from low scattering 
glass. 

30 8. A device as recited in claim 7 wherein said substrate is coated with an anti-reflection 
coating. 
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9. A device as recited in claim 3 wherein said substrate and said mirror is a single 
integrated unit. 



10. A device as recited in claim 4 wherein said substrate and said mirror is a single 
5 integrated unit. 

11. An optical multiplexing and demultiplexing device, comprising: 

a fiber mounting assembly for securing a plurality of optical fibers; 
a first reflecting surface for collimating and focusing one or more beams from said 
10 plurality of optical fibers; 
a grating; and 

a second reflecting surface for receiving one or more beams reflected by said first 
reflecting surface and passed through said grating, and reflecting said one or more beams 
back through said grating and said first reflecting surface to one or more of said plurality of 
15 optical fibers. 

12. A device as recited in claim 1 1 wherein said first reflecting surface is a concave 
surface. 

20 13. A device as recited in claim 1 1 wherein said first reflecting surface is an off-axis 
parabolic surface. 

14. A device as recited in claim 1 1 wherein said device is encapsulated in an integgil 
housing. 

25 

15. A device as recited in claim 14 wherein said first reflecting surface and said second 
reflecting surface are part of said integral housing. 

16. A method for multiplexing optical beams from a plurality of optical fibers, comprising 
30 the steps of: 

a) receiving a plurality of beams; 

b) collecting and collimating said plurality of beams through the use of a lens; 
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c) diffracting each of said plurality of beams through the use of a grating; 

d) reflecting said diffracted beams back to said grating; 

e) diffracting said beams through said grating to said lens; 

f) focusing said multiple beams into a single beam through said lens; and 
5 g) passing said single beam to a selected optical fiber. 

17. A method as recited in claim 16 wherein said lens is a reflective surface. 

18. A method as recited in claim 17 wherein said reflective surface is part of a housing for 
10 encapsulating a device for said method. 

19. A method for demultiplexing an optical beam from an optical fiber, comprising the 
steps of: 

a) receiving a light beam; 
15 b) collimating said beam through a lens; 

c) impinging said beam on a grating; 

d) diffracting said beam into multiple beams through the use of said grating; 

e) reflecting said multiple beams back to said grating; 

f) dif&acting said multiple beams through the use of said grating; and 
20 g) focusing said multiple beams on to a plurality of optical fibers. 

20. A method as recited in claim 19 wherein said lens is a reflective surface. 

21 . A method as recited in claim 20 wherein said reflective surface is part of a housing for 
25 encapsulating a device for said method. 
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